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Metasurfaces based on resonant nanophotonic structures have enabled novel types of flat-optics devices often
outperforming the capabilities of bulk components, yet these advances remain largely unexplored for quantum
applications. We show that non-classical multi-photon interferences can be achieved at the subwavelength scale
in all-dielectric metasurfaces. We simultaneously image multiple projections of quantum states with a single
metasurface, enabling a robust reconstruction of amplitude, phase, coherence, and entanglement of multi-photon
polarization-encoded states. One- and two-photon states are reconstructed through nonlocal photon correlation
measurements with polarization-insensitive click-detectors positioned after the metasurface, and the scalability
to higher photon numbers is established theoretically. Our work illustrates the feasibility of ultra-thin quantum
metadevices for the manipulation and measurement of multi-photon quantum states with applications in free-
space quantum imaging and communications.
The field of nanostructured metasurfaces offers the possi-
bility of replacing traditionally bulky imaging systems with
flat optics devices [1] achieving high transmission based on
all-dielectric platforms [2–7]. The metasurfaces provide a
freedom to tailor the light interference by coherently select-
ing and mixing different components on a sub-wavelength
scale, enabling polarization-spatial conversion [4, 7–12] and
spin-orbital transformation [13]. Such capabilities motivated
multiple applications for the regime of classical light, yet the
metasurfaces have a potential to emerge as essential compo-
nents for quantum photonics [14–17].
The key manifestations of quantum light are associated
with non-classical multi-photon interference, which is an en-
abling phenomenon for the transformation and measurement
of quantum states. Conventionally, manipulation of multi-
photon states is performed through a sequence of beam-
splitting optical elements, each realizing quantum interfer-
ence [18–20]. Recent advances in nanotechnology enabled
the integration of beam-splitters and couplers on tailored plas-
monic structures [21, 22], yet material losses and complex
photon-plasmon coupling interfaces restrict the platform scal-
ability. We realize several multi-photon interferences in a sin-
gle flat all-dielectric metasurface. The parallel quantum state
transformations are encoded in multiple interleaved metagrat-
ings, taking advantage of the transverse spatial coherence of
the photon wavefunctions extending across the beam cross
section. In the classical context, the interleaving approach
was effectively used for polarization-sensitive beam split-
ting [8, 9, 11, 12], yet it requires nontrivial development for
the application to multi-photon states.
∗ Corresponding author. Email: Andrey.Sukhorukov@anu.edu.au
We formulate and realize an application of the metasurface-
based interferences for multi-photon quantum state measure-
ment and reconstruction. We develop a metasurface incorpo-
rating a set of M/2 interleaved metagratings (see Part 3 in
Supplementary Material), each composed of nano-resonators
with specially varying dimensions and orientation according
to the principle of geometric-phase [8] to split specific ellipti-
cal polarization states [7], which would not be possible with
conventional gratings (see Part 1 and Part 2 in Supplemen-
tary Material). This performs quantum projections in a multi-
photon Hilbert space toM imaging spots, each corresponding
to a different elliptical polarization state [Fig. 1(A)], which is
essential to minimize the error amplification in quantum state
reconstruction [23]. Then, by directly measuring all possible
N -photon correlations from the M output beams, it becomes
possible to reconstruct the initial N -photon density matrix
providing full information on the multi-photon quantum en-
tanglement. For example, in Fig. 1(B) we show a sketch of
three gratings (top) which realize an optimal set of projective
bases shown as vectors on the Poincare´ sphere (middle) for
M = 6.
The photon correlations between M output ports can be
obtained with simple polarization-insensitive click single-
photon detectors. The metasurface can be potentially com-
bined with single-photon sensitive electron-multiplying CCD
(EMCCD) cameras [24, 25] to determine the spatial corre-
lations by processing multiple time-frame images of quan-
tum states. We consider quantum states with a fixed photon
number N , which is a widely-used approach in photon detec-
tion [26–29]. The N -fold correlation data, stored in an array
withN dimensions, are obtained by averaging the coincidence
events over multiple time frames. For example, in Fig. 1(C)
we sketch a case with N = 2 and M = 6. In each frame, two
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Figure 1. Concept of quantum state imaging via nanostructured flat optics. (A) Sketch of using a metasurface to image an inputN -photon
polarization state into an M -spot image. Top-right inset shows an SEM image of the fabricated all-dielectric metasurface. (B) Top – sketch
of three interleaved gratings for M = 6. Middle – the corresponding projective bases shown as vectors on the Poincare´ sphere. Bottom –
minimum number of required spots to fully reconstruct the initial quantum state for different N , where optimal-frame choice of projective
bases exists for M=6, 8, 12, 20, . . .. (C) An example of correlation measurement with N=2 and M=6, with several time-frame measurements
combined into a two-dimensional correlation image.
photons arrive at different combinations of spots. After sum-
ming up the coincidence events over multiple time frames, we
obtain a correlation in two-dimensional space. Following the
general measurement theory of Ref. [29], we establish that for
an indistinguishable detection ofN -photon polarization states
(i.e. the detectors cannot distinguish which is which of the
N photons), the required number of output ports to perform
the reconstruction scales linearly with the photon number as
M ≥ N +3, see Fig. 1(B, bottom). For instance, withM = 6
up to N = 3 photon states can be measured.
The parallel realization of multi-photon interferences with
a single metasuraface offers practical advantages for quan-
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Figure 2. Experimental measurement of heralded single-photon states with the metasurface. (A) Classically characterized projective
bases of the metasurface for ports numbered 1 to 6. (B) Accumulated single-photon counts in each of M=6 output ports vs. the angle of
a quarter-wave plate realizing a photon state transformation before the metasurface. Experimental data are shown with dots, with error bars
indicating shot noise. Solid lines represent theoretical predictions based on classically measured metasurface transfer matrix. (C) Comparison
between the prepared (solid line) and reconstructed (dots) states based on the measurements presented in (B), plotted on a Poincare´ sphere.
tum state measurements. Conventional quantum state to-
mography [26] methods based on reconfigurable setups can
require extra time and potentially suffer from errors asso-
ciated with the movement of bulk optical components [26]
or tuning of optical interference elements [30]. Moreover,
the conventionally-used sequential implementations of pro-
jective measurements present a fundamental limit for minia-
turization, while being inherently sensitive to fluctuations
or misalignment between different elements, especially for
higher photon-number states. The emerging methods based
on static transformations implemented with bulk optical com-
ponents [19] or integrated waveguides [27–29] still require
multiple stages of interferences. In contrast, our quantum
metasurface provides an ultimately robust and compact solu-
tion, the speed of which is only limited by the detectors.
We fabricate silicon-on-glass metasurfaces with M = 6
and M = 8 using standard semiconductor fabrication tech-
nology (see Part 4 and Part 7 in Supplementary Material for
details). The experimentally determined polarization projec-
tive bases obtained through classical characterization are plot-
ted on the Poincare´ sphere in Fig. 2(A) for a metasurface with
M = 6 that is used later for quantum experiments. The trans-
fer matrix measurements confirm that the polarization projec-
tive bases are close to the optimal frame. The condition num-
ber, a measure of error amplification in the reconstruction (see
Part 1 in Supplementary Material) is 2.08, close to the funda-
mental theoretical minimum of
√
3 ' 1.73. The reconstruc-
tion is immune to fabrication imperfections, as their effect is
fully taken into consideration by performing an experimental
metasurface characterization with classical light after the fab-
rication (see Part 6 and Part 10 in Supplementary Material).
First, we show that our metasurface enables accurate re-
construction of the quantum-polarization state of single pho-
tons. A heralded photon source is used at a wavelength of
1570.6 nm based on spontaneous parametric down conver-
sion (SPDC) in a nonlinear waveguide (see Part 5, Part 8,
Part 9, and Part 11 in Supplementary Material for details).
The heralded single photons are initially linearly polarized.
They are prepared in different polarization states by varying
the angle of a quarter wave-plate (QWP), sent to the metasur-
face, and each diffracted photon beam is collected by a fiber-
coupled interface to the single-photon detectors. By mea-
suring the correlations with the master detector, we recon-
struct the quantum-polarization state from the photon counts
at the six ports. The results are shown in Fig. 2(B), where the
curves are theoretical predictions and dots are experimental
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Figure 3. Experimental two-photon interferences and state reconstruction with the metasurface. (A) Schematic setup including photon
pair generation and pump filtering, a delay-line with polarizing beam splitters (PBS) to control the path difference between orthogonally
polarized photons in a pair, state transformation with a quarter-wave plate (QWP), and state measurement with the metasurface using avalanche
photo-diodes (APDs). (B),(C) Quantum correlations between ports (B) 1 and 6 with close-to-orthogonal bases and (C) 1 and 5 with non-
orthogonal bases, shown with dots and error bars indicating shot noise. Solid curves represent theoretical predications. Red arrows in the
Poincare´ spheres denote projective bases of different ports. Blue arrows indicate the polarization state of entangled photons, with one photon
in H- and the other in V-polarization. (D),(F) Representative two-fold correlation measurements and (E),(G) the corresponding reconstructed
density matrices ρ labeled ’Measured’ alongside with the theoretically predicted states labeled ’Predicted’ for QWP orientations (D),(E) θ = 0◦
and (F),(G) θ = 37.5◦.
measurements. We observe that the measurement errors are
dominated by the single-photon detection shot noise, which is
proportional to the square root of the photon counts, as indi-
cated by the error bars. We use the measured photon counts
to reconstruct the input single-photon states by performing
a maximum-likelihood estimation [26] and plot them on a
Poincare´ sphere in Fig. 2(C). The reconstructed states present
a high average fidelity of 99.35% with respect to the prepared
states.
Next, we realize two-photon interference, the setup of
which is conceptually sketched in Fig. 3(A). The SPDC source
generates a photon pair with horizontal (H) and vertical (V)
5polarizations, with their path length difference controllable
by a delay-line (see Part 12 in Supplementary Material for
details). We measure the effect of delay on the two-photon
interference, analogous to the Hong-Ou-Mandel (HOM) ex-
periment [31]. In such a nontrivially generalized two-photon
interference, we expect a dip or peak depending on the 2 × 2
transfer matrix Tab ∝ [ua,ub]† from the two-dimensional
polarization state vector to a chosen pair of ports, where † de-
notes transpose conjugate, and ua, ub are the projective bases
of ports a and b, respectively. We note thatTab corresponds to
an effective Hermitian Hamiltonian resulting in a conventional
HOM dip only if ua and ub are orthogonal, while otherwise a
HOM peak can appear analogous to a lossy beam-splitter [22].
Here we set the angle of the QWP at θ = 0◦, which means that
the photon pairs are in a state ρ(θ = 0◦), where one photon
is H- and another is V-polarized. As reflected in the Poincare´
plot of Fig. 3(B, right), where the red arrows denote projective
bases of the two ports (ua, ub) and blue arrows represent the
polarization of the photon pairs – one photon in H- and the
other in V-polarization, we see that the state vector u1 points
to the opposite direction of u6. We find that in this case pho-
tons with cross-polarized entanglement in H-V basis will give
rise to a dip in the interference pattern with the variation of
path length difference, see Fig. 3(B, left). Such a behavior
is directly caused by the coalescence nature of bosons. The
situation is quite different if we measure such an interference
between ports a = 1 and b = 5, since u1 and u5 are far
from being orthogonal. This can be seen from the red arrows
in the Poincare´ sphere of Fig. 3(C, right), where the angle be-
tween the two vectors representing u1 and u5 is much smaller
than pi. For entangled photons with H and V polarization in
a pair, interference under the transfer matrix T15 leads to a
peak instead of a dip when varying the path difference in the
delay-line. Indeed, in Fig. 3(C, left) we observe a peak, which
is related to the anti-coalescence of bosons in transformations
induced by non-Hermitian Hamiltonians, a nontrivial general-
ization of the HOM interference analogous to Ref. [22]. For
details of the theoretical predictions and experimental meth-
ods see Part 4 in Supplementary Material.
As a following step, we measure all 15 two-fold nonlocal
correlations between theM = 6 outputs from the metasurface
for a given input state where the time delay is fixed to zero.
This provides us full information to accurately reconstruct the
input two-photon density matrix. We use two single-photon
detectors to map out all possible output combinations, while
this could be potentially accomplished even simpler with an
EMCCD camera. We show representative results for two dif-
ferent states ρ(θ = 0◦) and ρ(θ = 37.5◦) in Figs. 3(D,E) and
3(F,G), respectively. Note that ρ(θ = 0◦) is a state where pho-
ton pairs have cross-polarized entanglement beyond the clas-
sical limit, yet it is not fully pure (see Part 4 in Supplemen-
tary Material), providing a suitable test case for reconstruction
of general mixed states. In Fig. 3(D) we show the measured
two-fold correlations for the input state ρ(θ = 0◦), and the
reconstructed density matrix is shown in Fig. 3(E). The fact
that only the bunched four central elements are non-zero con-
firms cross-polarized property of our photon pairs in H-V ba-
sis. Moreover, the non-zero |HV V H〉 element implies the
presence of two-photon entanglement. It is smaller compared
to the diagonal element |HVHV 〉, indicating that the polar-
ization state is not fully pure. While ρ(θ = 0◦) only has non-
zero elements in the real part of the density matrix, we also
show the measurement and reconstruction of ρ(θ = 37.5◦)
that contains nontrivial imaginary elements in Figs. 3(F,G). In
both cases, we achieve a very good agreement between the
predicted and reconstructed density matrices as evidenced by
high fidelity exceeding 95%. The correlation counts are ob-
tained by a Gaussian fitting to the correlation histogram to
remove the background, which is less than 10% of the signal
for all measurements shown in Fig. 3(F), see details in Part 12
of Supplementary Material.
Our results illustrate the manifestation of multi-photon
quantum interference on metasurfaces. We formulate a con-
cept of parallel quantum state transformation with metasur-
faces, enabling single- and multi-photon state measurements
solely based on the interaction of light with sub-wavelength
thin nanostructures and nonlocal correlation measurements
without a requirement of photon-number-resolvable detectors.
This presents the ultimate miniaturization and stability com-
bined with high accuracy and robustness, as we demonstrate
experimentally via reconstruction of one- and two-photon
quantum-polarization states including the amplitude, phase,
coherence and quantum entanglement. In general, our ap-
proach is particularly suitable for imaging-based measure-
ments of multi-photon polarization states, where the meta-
surface can act as a quantum lens to transform the photons
to a suitable format for the camera to recognize and retrieve
more information. Furthermore, there is a potential to cap-
ture other degrees of freedom associated with spatially vary-
ing polarization states for the manipulation and measurement
of high-dimensional quantum states of light, with applications
including free-space communications and quantum imaging.
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Part 1. CHOICE OF PROJECTIVE BASES FOR
OPTIMAL-FRAME POLARIZATION MEASUREMENTS
The so-called optimal frame consideration of choosing pro-
jective bases depends mainly on two factors: (i) inverse con-
dition of the transfer matrix; (ii) for Fock states |N〉 (N -
photon number state), possibility to reconstruct states with
maximum N using on-off click detectors. The first factor can
be easily understood in a sense that the transfer function of
the metasurface (from elements in its density matrix to the
N -fold correlations between spatially diffracted spots) should
provide a reversible relation between the output and the in-
put, to enable a “well-conditioned” reconstruction. This can
also be intuitively understood by spreading out the projective
basis vectors evenly on the Poincare´ sphere, such that they
can fully probe any unknown state. Depending on the num-
ber of outputs M , there are different choices (see Ref. [23]).
Actually there is a third condition: (iii) one does not want
to lose photons (i.e. no polarizers or other lossy polarizing
optics) to efficiently use the photons, which can be satisfied
when the bases are composed of pairs of orthogonal polar-
izations. Choices fulfilling the above three conditions can be
obtained with platonic polyhedra in spherical t-design, with
M = 6, 8, 12, 20, · · · [23]. For example, in Fig. S1(A–D) we
show such platonic solids and the projective bases (arrows) in
a sphere for M = 6, 8, 12, 20, respectively. Note that the set
of bases have a rotational degree of freedom without changing
the optimal-frame nature.
For classical polarization measurements, one typically
chooses the minimum three pairs of projection bases [M = 6,
see Fig. S1(A)]. Since the platonic solid has a rotational de-
gree of freedom, it is convenient to choose horizontal, verti-
cal, diagonal, anti-diagonal linear polarizations and left-hand,
right-hand circular polarizations. However, the second fac-
tor above determines that for multi-photon quantum measure-
ments, a larger output number M is necessary if the detec-
tors/cameras cannot resolve photon number. The minimum
number of output ports M depending on the photon num-
ber N is shown in Fig. S1(E,F), for a more general theory
see Ref. [29]. In our experiment, we use the so-called in-
distinguishable detection scheme, where the detector does
not know which photon is which. In this case, there are
M !/[N !(M − N)!] independent correlation elements out of
the M ports. The minimum number of ports M depends lin-
early on N , i.e. M ≥ N + 3. For M = 6, 8, 12, 20, the maxi-
mum N of states that can be reconstructed is N = 3, 5, 9, 17,
respectively [see Fig. S1 (E)]. There also exists another case,
where the detection can distinguish the photons, such as by
using another degree of freedom than polarization. For in-
stance, ifN photons are inN different paths, then one can use
N copies of the same metasurfaces to perform the measure-
ment, placing one metasurface in each path. Another example
is when N photons can be distinguishable in frequency, then
one can use detectors or camera pixels embedded with differ-
ent frequency filters to distinguish them. In this case, the de-
pendence of minimum output numberM onN becomes more
complicated, as given by M !/(M − N)! ≥ 22N , which is
shown in Fig. S1 (F). We mark the cases for M = 6, 8, 12, 20,
where the maximum N for states that are possible to recon-
struct is N = 3, 7, 12, 20, respectively.
A widely used and convenient measure of the reversibil-
ity of the transfer matrix is the so-called condition number.
Inherently, condition number quantifies the amplification of
error (standard deviation) in the reconstruction. Quite gener-
ally, consider a vector S transformed to vectorV after a linear
transformation described by the matrix A:
V = AS. (S1)
Specifically, S can be the Stokes vector of classical light
(4×1) to be measured. We note that for a single-photon polar-
ization state (N = 1), the decomposition of its density matrix
in the Pauli matrices and the identity matrix can form a mathe-
matically equivalent vector as the classical 4×1 Stokes vector.
A is the transfer matrix (M × 4) of the metasurface with each
row denoting a Stokes vector that the state is projected to, and
V is a vector representing the observables from theM outputs
(M × 1). The observable for classical light is power, whereas
for single-photon states it will be the probabilities of photons
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Figure S1. (A–D) Platonic polyhedra for number of vertices 6, 8, 12, 20 embedded in a sphere. The arrows constitute a set of optimal-frame
polarization state reconstruction bases on a Poincare´ sphere. (E,F) Minimum number of ports M required for the reconstruction of states
with the photon number N for different detection schemes: (E) the single-photon detectors do not distinguish specific photons among the N
photons; (F) the photons are distinguishable by the detectors.
getting out from the output ports of the system. In the recon-
structed S (denoted as Sr) using V, one has to use the inverse
(or pseudo-inverse) A−1:
Sr = A
−1V. (S2)
Now consider an error vector ∆V in the measurement, which
will then propagate to another error vector ∆S in the recon-
structed Sr:
∆S = A−1∆V. (S3)
A direct measure of the error is its norm (essentially the stan-
dard deviation), denoted by || · ||. According to the Cauchy’s
Inequality, ||∆S|| has an upper bound
||∆S|| ≤ ||A−1|| ||∆V||. (S4)
For the relative error with respect to the reconstructed vector
||∆S||/||Sr||, using Eq. (S2) and again the Cauchy’s Inequal-
ity we can find its upper bound
||∆S||
||Sr|| ≤ ||A|| ||A
−1|| ||∆V||||V|| , (S5)
where ||A|| ||A−1|| can act as a measure of the amplification
of the relative error in such a system. In other words, it quan-
tifies the robustness of the system against error propagation.
Therefore such a quantity is defined as the condition number
κ(A) = ||A|| ||A−1||, (S6)
which is a measure of the inverse condition in reconstruction
problems. The fundamental limit for the condition number
in classical or single-photon Stokes vector reconstruction is√
3 if || · || is the Euclidean norm [23], which appears with
the optimal-frame choice of projective bases. As discussed,
elements in a single-photon Stokes vector are basically the
decomposition of a single-photon density matrix ρ into the
identity matrix I and the three Pauli matrices σx, σy, σz, i.e.
ρ = S0I+ S1σz + S2σx + S3σy. (S7)
Similarly, a multi-photon density matrix (N -photons) can also
be decomposed to a set of multi-photon Pauli matrices by trac-
ing out all possible tensor product of N matrices out of I and
σx, σy, σz. For such a multi-photon Stokes vector SN , the
transfer matrix is expressed as N tensor products of A:
VN = A
⊗NSN , (S8)
whereVN becomes anMN -dimensional vector as one traces
out all theN -fold correlations out of theM outputs. Using the
lower limit of the condition number for single-photon transfer
matrix, we can also obtain the achievable minimum condition
number for N -photon measurements:
κN ≥
(√
3
)N
. (S9)
From the above analysis one can see that unlike classical
polarization measurements, if one targets higher photon num-
ber states where photon number is also a building block of the
space, it is vital to use larger M . Then, different from those
metasurfaces designed for classical measurements, where they
can also project states to linear and circular polarizations, our
metasurface needs to enable the projection of the states to ar-
bitrarily chosen pairs of polarization states, including ellipti-
cal polarizations. Note that despite for M = 6 typically one
uses four linear polarizations and two circular polarizations as
the projective bases, here in our experiment we use all ellip-
tical polarization bases to test the capability of the quantum
metasurface, as for M > 6, elliptical polarization basis will
be necessary.
9Part 2. WORKING PRINCIPLES OF THE
METAGRATINGS
The metasurface is assembled from M/2 metagratings,
with each one diffracting a pair of specially chosen polar-
ization states to two directions symmetric with respect to the
transmissive axis. The novel aspect of our geometric-phase
metagrating lies in the feature that we extend the capability to
project our states to any pairs of elliptical polarization states.
As discussed above in Part 1, this is a crucial property for
quantum-polarization measurements – unlike classical polar-
ization measurement, for multi-photon quantum states more
diffracted polarization components are needed for on-off click
detectors. This has been considered difficult to realize with
non-chiral birefringent structures, until recently a generalized
geometric phase was implemented in Ref. [7] for polarization
sensitive hologram. Here we provide the theory for design-
ing metagratings that can achieve decomposition of elliptical
polarization components.
We assume that each meta-atom behaves as a birefringent
crystal with its fast and slow axes in the plane of the metasur-
face, depending on the orientation angle θ of its fast axis. We
denote the phase picked up along the fast and slow axes as φ1
and φ2, respectively (φ1 < φ2). A single-photon pure state
can be described by the state vector ψin = [cH, cV]
T, where
cH and cV are the wavefunctions of photons polarized in hor-
izontal (x) and vertical (y) directions, respectively. Here T
represents the matrix transpose. The transformation that each
meta-atom does can be expressed by a 2× 2 matrix U
U =
[
cos θ − sin θ
sin θ cos θ
] [
eiφ1 0
0 eiφ2
] [
cos θ sin θ
− sin θ cos θ
]
.
(S10)
The eigenstates of the static Hamiltonian that generates U
are always pairs of orthogonally-polarized linear polariza-
tion states. The angle θ determines the orientation of the two
eigenstates. Such a fact means that U has two basic proper-
ties: (1) it transforms an orthogonal pair of polarization states
to another orthogonal pair, which is governed by its Hermitic-
ity; (2) such a transformation is not chiral, as the eigenstates
are linear polarizations. With such properties, it can be eas-
ily found that for any pair of elliptical polarizations, chang-
ing their handedness can be realized with any θ, as long as
one chooses proper difference between φ1 and φ2. The phase
we utilize is directly related to the Pancharatnam-Berry phase.
The working principle is conceptually shown in Fig. S2(A).
The meta-atoms have both varying orientation and φ1, φ2.
They are tailored in a way that each meta-atom changes the
handedness of a pair of elliptical polarization states |ψ〉 and
|ψ˜〉, changing them to |ψ′〉 and |ψ˜′〉, respectively. In such a
transformation, each state acquires a linear phase gradient in
space with inverse signs for |ψ〉 and |ψ˜〉.
For a more detailed description, we firstly write down |ψ〉
and |ψ˜〉:
|ψ〉 = [cos α, exp(iβ) sin α]T ,
|ψ˜〉 = [− sin α, exp(iβ) cos α]T .
(S11)
1
2
3
4
5
6 7
8
| ۧ𝝍
| ۧ𝝍′
| ൿ෩𝝍
| ൿ෩𝝍′
A
CB
arg 𝜓′ 𝜓
arg ෨𝜓′ ෨𝜓
Figure S2. Working principle of a metagrating that spatially diffracts
a pair of elliptical polarization components to two directions, where a
metagrating with a super-cell of 8 meta-atoms is shown: (A) Concep-
tual 3D structure of the metagrating with periodic boundaries extend-
ing to the left and right sides, with the phases picked up by |ψ〉 and
|ψ˜〉 shown as dots for each meta-atom; (B) The paths that |ψ〉 goes on
the Poincare´ sphere, with each meta-atom changing the handedness
of |ψ〉 by going along paths at different angles; (C) Similar paths for
|ψ˜〉.
Note that 〈ψ˜|ψ〉 = 0, showing the orthogonality of the two
polarization states. As described above, we target changing
the handedness of |ψ〉 and |ψ˜〉. Hence we are looking for the
different U(θ) that can achieve such a transformation:
exp(iγ) |ψ′〉 = U(θ) |ψ〉 , (S12)
where |ψ′〉 = [cos α, exp(−iβ) sin α]T. This can be seen
from Fig. S2(B) where |ψ〉 and |ψ′〉 are represented as two ar-
rows on the Poincare´ sphere, and different angles θ for differ-
ent meta-atoms lead to different paths in converting the state
|ψ〉 to |ψ′〉 with a reversed handedness. Similarly, after re-
versing the handedness of the orthogonal counterpart |ψ˜〉, it
becomes |ψ˜′〉 = [− sin α, exp(−iβ) cos α]T. So firstly we
look for the solution of Eq. (S12). The general condition is
| 〈ψ′|U(θ) |ψ〉 | = 1. (S13)
We numerically solve Eq. (S12) at different angles θ to obtain
φ1(θ) and φ2(θ). Note that the solution of φ1(θ) and φ2(θ) is
not unique, however, we have conveniently taken φ1 = −φ2
and hence simplified the calculation. Then, the phase picked
up when converting |ψ〉 to |ψ′〉 can be easily calculated by
γ(θ) = arg 〈ψ′|U(θ) |ψ〉 . (S14)
When designing the metagrating, we introduce a spatially
varying θ(xn) for xn = (km + n)d where k is an integer,
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Figure S3. Schematic layout of interleaved metagratings on the metasurface, where two different gratings (named A and B) composed of 8
and 10 meta-atoms are shown as an example.
m is the number of meta-atoms (essentially the periodicity)
and d is the lattice constant for the meta-atoms. We design the
metagrating such that
γ(n) = −2pi
m
n+ C1, (S15)
where C1 is a constant. It can be demonstrated that for the
orthogonal counterpart |ψ˜〉, when its handedness is reversed
and as it becomes |ψ˜′〉 [see Fig. S2(C)], the phase γ′ it picks
up is
γ(n) =
2pi
m
n+ C1, (S16)
which has an inverse slope as |ψ〉. Therefore |ψ〉 and |ψ˜〉 get
spitted spatially with inverse transverse state vectors. If the
sampling rate is high enough (i.e. high enough number of
meta-atoms in one supercell of the metagrating) and the phase
slopes as shown in Fig. S2(A) are really linear, the diffraction
efficiency can be close to unity. Note that the typically used
geometric-phase grating that splits two circular polarizations
is a special case of the scheme given here.
Part 3. ARRANGEMENT OF METAGRATINGS ON THE
METASURFACE
The quantum metasurface consists of multiple metagrat-
ings, interleaved to generate the functionality of spreading
out M output polarization components in parallel. Here we
briefly show how we interleave these metagratings and esti-
mate the maximum number of different gratings one can in-
corporate in a metasurface.
Along the grating direction x (see Fig. S3), the number of
output ports which can be formed without overlapping can be
estimated as follows. First, a grating period should consist
of at least Qg meta-atoms, to perform reliable splitting of el-
liptical polarizations. Such a grating imposes the transverse
wavevector component of kg,max = 2pi/(Qg∆r), where ∆r
is the spacing between neighboring meta-atoms (or, lattice
constant). Second, the width of diffraction peaks from the
gratings is defined by the metasurface size as ∆k = 2pi/Lx.
Then, the maximum number of gratings along the x direc-
tion is M/2 < kg,max/∆k = Lx/(Qg∆r). In our meta-
surface, Lx = 2mm, the minimum Qg = 8 (see Fig. S3),
∆r = 800nm, and the maximum number of gratings is
M/2 < 312.
In the vertical (y) direction as shown in Fig. S3, it is prefer-
ential to interleave the gratings to (i) lower down the diffracted
transverse wave vector along y to enhance the diffraction ef-
ficiency and (ii) minimize the dependence of the transfer ma-
trix on the spatial beam profile. For (i), we repeat the same
grating Qi1 times before putting a different one, as illus-
trated in Fig. S3. For (ii), we ensure that the size along y
is large enough to repeat the whole group of Qi1 × M/2
gratings several times (Qi2), as shown in Fig. S3. Then,
the maximum number of gratings along the y direction is
M/2 < Ly/(Qi1Qi2∆r). Since Qg  Qi1Qi2 for a square
metasurface with Lx ' Ly , the main limitation comes from
the grating interleaving in the vertical direction. In our meta-
surface design, Ly = 2 mm, Qi1 = 100, Qi2 = 6, ∆r = 800
nm, such that M/2 ≤ 4. By increasing the interleaving den-
sity to still practically suitable regime with Qi1 = 50, we
could increase the maximum number of gratings interleaved
in the y-direction to M/2 ≤ 8, enabling the measurement of
up to N = 13 photon-number states. By also increasing the
metasurface dimension to the experimentally feasible size of
Ly = 5 mm, up to M/2 ≤ 20 gratings can be interleaved.
There appears an interesting open research question on opti-
mizing the metasurface design for encoding most efficiently a
large number of gratings [32] for multiple quantum measure-
ments.
Overall, the number of interleaved gratings M/2 scales lin-
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Figure S4. Classical characterization results of representative metasurfaces. (A) Far-field images of a 6-output metasurface for two different
input polarizations, with comparison to simulation. (B) Characterized projection bases for the 6-output metasurface with colors denoting
different wavelength ranges (red 1556–1585 nm, blue 1586–1615 nm, and green 1616–1650 nm). The arrows indicate the theoretically
optimal design. (C,D) Diffraction efficiency, defined as the light power of the useful diffracted spots divided by the total power of all spots,
measured across a broad band with the (C) 6-output and (D) 8-output metasurfaces.
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Figure S5. Diffraction efficiencies for pairs of ports associated with different interleaved gratings from the fabricated metasurfaces with (A)
M/2 = 3 interleaved gratings and 6 ports and (B) M/2 = 4 gratings and 8 ports. Dashed lines indicate the theoretically optimal regime of
(2/M).
early with the metasurface dimensions, which in combination
with linear scaling vs. the number of photons [see Fig. 1(B,
bottom)] makes the platform suitable for characterization of
multi-photon states.
Part 4. FABRICATION OF DIELECTRIC METASURFACES
An 792-nm-thick poly-crystalline silicon (Poly-Si) thin film
is prepared on a four-inch quartz wafer (thickness 500 µm) via
low-pressure chemical vapor deposition (LPCVD) in horizon-
tal tube furnace. A layer of Polymethyl Methacrylate (950K
PMMA A4) covers the sample surface as a positive tone resist
via a spinner. Then the sample is exposed to electron beam
lithography (EBL, model JEOL 9300FS) to obtain the pattern
of the metasurfaces. Since silicon is only semi-conductive,
before the EBL a 10 nm layer of chromium (Cr) is evaporated
on top of the photo-resist for charge dissipation. After the
EBL, wet chemistry removal of the Cr layer and sequential
development are performed. Then, another 20-nm-thick Cr
layer is evaporated on top of the poly-Si layer as a mask for
the etching, and we use anisotropic reactive ion etching (RIE)
to remove poly-Si in the regions that are not covered by Cr.
Finally, we use wet etching to remove the Cr layer.
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Part 5. FABRICATION OF NONLINEAR WAVEGUIDE
USED FOR PHOTON PAIR GENERATION
The orthogonally polarized photon pairs are generated from
a type-II phase-matched periodically-poled lithium niobate
(PPLN) waveguide. The PPLN grating period is around 9.4
µm for a 785.3-nm pumped degenerate spontaneous paramet-
ric down-conversion (SPDC) process at 120◦C (design value)
according to the oeo quasi-phase matched (QPM) condition in
Ti-diffused LiNbO3 single (fundamental)-mode waveguides.
The fabrication process for the PPLN waveguides mainly in-
volves Ti strips thermal in-diffusion followed by electric field
poling in a LiNbO3 crystal [33]. The waveguides were fabri-
cated using the titanium thermal diffusion (TTD) method [34]
in a 31-mm long, 10-mm wide, and 0.5-mm thick z-cut
LiNbO3 crystal. Initially, an array of 7 µm-wide, 90 nm-thick
Ti strips was coated on the −z surface of the crystal along
the crystallographic x axis using the standard lithographic and
lift-off process. The titanium diffusion process was then per-
formed in a high-temperature furnace at 1035◦C with a con-
stant oxygen flow for 12 hours. Before the crystal poling, op-
tical polish on the +z surface of the crystal was conducted to
remove the domain-inverted layer on that surface formed dur-
ing the high-temperature TTD process. Considering the pos-
sible fabrication errors, a QPM domain structure of multiple
grating periods varying from 9.1 to 9.7 µm, stepped by 0.1 µm
(along the crystallographic y axis), was then implemented in
the LiNbO3 waveguides using the standard electric field pol-
ing process. The device fabrication was then accomplished
after the end faces of the crystal were optically polished.
Part 6. INFLUENCE OF METASURFACE FABRICATION
IMPERFECTIONS
The most common type of fabrication imperfections may be
associated with a scaled pattern in electron-beam lithography
and under- or over-etching, where the effective dimensions of
all nano-pillars would turn out a bit smaller or larger than de-
signed. On the other hand, the overall metasurface geometry,
such as the spacings between neighboring meta-atoms and the
grating periodicity would be kept across the whole metasur-
face area. Then, the directions of the beam diffraction by the
gratings will closely follow the design.
Therefore, the main effect of the fabrication inaccuracies
would be in (i) a variation of elliptical polarization bases
which are split between each pair of outputs and (ii) modi-
fication of diffraction efficiency, i.e. the fraction of photons
directed to different outputs. Importantly, both the factors (i)
and (ii) can be determined by performing an on-site character-
ization of the metasurface before it is used for quantum mea-
surements. Specifically, we perform on-site measurements
with classical light to determine the transfer matrix of the fab-
ricated metasurface, as described below in Part 7 and Part 10.
Then the multi-photon transfer matrix is directly calculated
as tensor products of the classical transfer matrices. By con-
struction, the experimentally determined transfer matrix can
incorporate all the features of fabrication imperfections, and
therefore enables highly accurate reconstruction of the quan-
tum states.
One minor influence of fabrication imperfection lies in a
slightly higher amplification of errors in the reconstruction, as
the experimentally achieved transfer matrix may be less op-
timal than the ideal theoretical design. As discussed in Part
1, the condition number measures the extent that an error is
amplified in the reconstruction. In the optimal case, the stan-
dard deviation of the error in the reconstruction is
√
3 ' 1.73
times of the initial error in the measurement. In our experi-
mentally characterized case this value is 2.08, which is only
slightly higher and far from reaching the undesirable case of
the condition number going to infinity. This allows for robust
reconstruction in the presence of shot noise [see Fig. 2(C)].
Another influence of fabrication imperfections is the re-
duced efficiency. In the measurement of density matrices,
non-perfect metasurface transmission and diffraction would
effectively reduce the detector efficiency, without fundamen-
tally affecting the measurement protocol – the measurement
only becomes more time-consuming. Specifically, we used
single-photon detectors which have up to 25% quantum ef-
ficiency, whereas our all-dielectric metasurface is tailored to
be highly transparent (for an analysis of the high-transmission
metasurface designs see, e.g., Ref. [5]).
Part 7. METASURFACE CHARACTERIZATION
The fabricated metasurfaces are classically characterized
using a tunable continues-wave laser. We measure the diffrac-
tion efficiency and characterize the projective bases across
a broad bandwidth around the designed telecommunication
wavelength. In Fig. S4 (A) we show two example far-field
images of the 6-output metasurface. The higher order diffrac-
tions along the vertical direction originate from the arrange-
ment of metagratings, where the same grating is repeated 100
times before the next metagrating, in order to lower down the
k-vector of diffractions in the vertical direction and utilize
most of the light in the collection process (see Part 3). Thus
practically these vertical diffractions can also be collected by
the detector if one uses a cylindrical lens. If a camera (e.g.
EMCCD) is used as the photon detector, then one can sim-
ply integrate multiple pixels in the vertical direction for ef-
ficient utilization of photons. The zero-order central spot in
Fig. S4 (A) is caused by fabrication errors and can be poten-
tially eliminated by improving the fabrication. The example
far-field images are compared to simulation. Due to the ex-
isting fabrication errors, the projective bases are not exactly
the same as those designed theoretically. However, this only
has minor influence on the accuracy of the measurement re-
sult as the metasurface can be calibrated experimentally by
classical light before performing quantum measurements (see
Part 6). In Fig. S4 (B) we show the projective bases of the 6-
output metasurface across a broad bandwidth, illustrating that
the metasurface can be utilized for measuring quantum light
with large bandwidth – here we characterized its projective
bases for about 95 nm range in wavelength. In Figs. S4(C)
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Figure S6. (A) Schematic setup for photon pair generation and interferometric characterizations, where HWP stands for half-wave-plate,
PPLN is periodically poled lithium niobate, PBS is polarizing beam splitter, LP filter is long-pass filter (above 1100 nm can pass), BP filter
is bandpass filter (1570 nm central wavelength with 12 nm FWHM) and QWP is quarter-wave-plate. (B) Experimental results of Hong-Ou-
Mandel interference: the dots are experimental measurements and the solid curve represents a Gaussian fitting. The dashed line denotes half
of the maximum counts given by the fitting, where a dip below this line exceeds the classical limit.
and (D) we show the diffraction efficiency of the metasurface
for a 6-output sample and an 8-output sample, respectively.
The 6-output sample is composed of three metagratings, with
8, 10, 14 meta-atoms in each periodicity, respectively (lattice
parameter 800 nm). With the same lattice parameter, the 8-
output metasurface is designed with four metagratings with 8,
10, 14, 20 meta-atoms in each periodicity, respectively. The
diffraction efficiency here is characterized by the light power
of the useful diffracted spots divided by the total power of
all spots, collected by a microscope objective (NA 0.40) via
k-space imaging. The characterization shows that the diffrac-
tion efficiency is higher than 85% for both samples, indicating
that our metasurfaces can enable very efficient manipulation
and measurement of light, which is particularly important for
quantum light that is typically weak. The minor fluctuations in
the efficiency results in Fig. S4(D) can be explained by mea-
surement errors caused by the dark image subtraction. In these
classical measurements, a dark image (i.e. an image taken
when the laser is turned off) was subtracted from the captured
images. The dark image exhibits spatially-varying pattern, the
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overall brightness of which is affected by changes in the en-
vironmental light. Since the locations of diffracted spots vary
with the wavelength, if the environmental light when the dark
image was taken slightly deviates from that in the actual mea-
surement, there can be a wavelength-dependent noise.
The power collected from each port is highly polarization
dependent. Instead, we define a diffraction efficiency for a
pair of ports diffracted from the same grating. Indeed, since
each of the M/2 interleaved gratings occupies the same rela-
tive area of the metasurface, one grating should ideally diffract
out 2/M fraction of the incident beam power to the corre-
sponding pair of ports. We show such individual diffraction
efficiencies in Fig. S5. We observe that light incident on the
metasurface is almost equally distributed over different inter-
leaved gratings across a wavelength region, staying close to
the theoretical design efficiencies of 2/M . The small fluctuat-
ing noise in these classically measured diffraction efficiencies
with respect to wavelength can be explained by the varying
environmental light and background subtraction, as the mea-
surements are performed by scanning a tunable CW laser in-
stead of launching broadband light source.
Part 8. SPDC WAVEGUIDE CHARACTERIZATION
The characteristics of the fabricated waveguides were mea-
sured by using an external cavity laser ECL (Agilent, 8164B),
whose wavelength is tunable from 1495 nm to 1600 nm. The
waveguides support a single (fundamental) guiding mode for
both horizontally (H) and vertically (V) polarized light in
the laser wavelength tuning range. The measured waveguide
propagation losses are approximately 0.3 and 0.6 dB/cm for
V-polarized and H-polarized 1550 nm modes, respectively.
We then derived the photon-pair generation rate of our fab-
ricated PPLN waveguide SPDC source via the study of the
sum-frequency generation (SFG) process of the source based
on the quantum-classical correspondence [35]. In the SFG
measurement, we aligned a tunable laser to be 45-degree lin-
early polarized to provide two orthogonally (H- and V-) po-
larized modes in the input beam of the same wavelength,
playing a role of the two pumps to the PPLN waveguide de-
vice. The measured QPM SFG temperature tuning rates are
−0.17 to −0.22 nm/◦C (in the temperature range from 25◦C
to 180◦C) for SFG pump wavelengths ranging from 1540 nm
to 1600 nm. This implies, for a 785 nm SPDC pump, the
temperature for producing frequency-degenerate 1570.6 nm
signal and idler photon pairs of 131.4◦C if a PPLN grating
period of Λ = 9.4 µm is used. There is a shift in the phase-
matching temperature between the measured and calculated
results, which is a result of the deviation of the waveguide
dispersion curve due to fabrication errors. Furthermore, the
measured results showed that the SFG bandwidth (FWHM)
is 0.43 nm and the SFG conversion efficiency under 319 µW
pump is about 4.33 × 10−5, from which we estimate SPDC
photon pair generation rate [35] under 1 mW 785-nm pump
as 2.69 × 107 Hz when a 20-mm long, 9.4 µm period PPLN
waveguide is used.
Part 9. PHOTON PAIR SOURCE AND ITS
INTERFEROMETRIC CHARACTERIZATION
We use photon pairs generated via spontaneous paramet-
ric down conversion (SPDC) via a periodically poled lithium
niobate (PPLN) waveguide as shown in Fig. S6(A). The PPLN
waveguide is heated up in a oven with closed-loop tempera-
ture control and is kept at 125◦C in order to avoid photore-
fraction. The waveguide is pumped by a CW laser with a
wavelength of 785.3 nm, with about 10 mW power launched
into the waveguide by a microscope objective. The PPLN
waveguide is designed for type-II phase matching, such that
the horizontally (H) and vertically (V) polarized modes at
around 1570.6 nm are phase matched. Therefore, we can ob-
tain polarization entangled photon pairs with cross-polarized
modes of H and V photons in a pair. The phase-matching is
tunable by slightly changing the temperature, and we experi-
mentally adjust it to degenerate frequencies for both photons
in a pair. Since the H and V polarized modal profiles of pho-
tons in the waveguide are slightly different according to the
transverse refractive index profile, we also perform a spatial
filtering with a small iris [see Fig. S6(A)] in order to select
the well-overlapped and central region out of the transverse
cross section of the photon beams, where both modes have
approximately homogeneous intensity and polarization.
We apply the knowledge that type-II SPDC process is de-
signed to be phase-matched and it generates a pair of photons
which must be H and V cross-polarized, whereas the HH
or V V photon pair generation processes are highly phase-
mismatched and thus co-polarized photon pairs are practi-
cally never generated. Accordingly, we predict that only the
central four elements in the two-photon density matrix (in
[HH,HV, V H, V V ] basis) are non-zero. Moreover, with the
symmetry of the density matrix due to the use of the indistin-
guishable detection scheme (see a related discussion on indis-
tinguishable detection in the supplementary material section
1.2 of Ref. [29]), we theoretically predict the reduced density
matrix of the photon-pair state to be
ρ =
1
2
 0 0 0 00 1 η 00 η 1 0
0 0 0 0
 , (S17)
where η is a real-valued number describing the spectral over-
lap of the photons in a pair (for details see supplementary ma-
terial section 3 of Ref. [29]). The absolute value of η is unity
for photons with identical spectra, and accordingly identical
temporal profiles. On the other hand, in the HOM measure-
ment the mismatched time delay between the photons results
in the spectral phase tilt, and then η approaches zero. Our state
measurement experiment is performed when the time delay
between the photons is best matched. At this point, it can be
demonstrated that η is exactly the depth of the dip in the HOM
interference (i.e. the normalized HOM counts value is 1− η).
The experimentally measured HOM dip of our photon pair
source is 58% in depth with respect to the fully mismatched
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Figure S7. (A) Experimental setup for on-site classical measurements. (B) Powers measured from different ports after the metasurface (dots)
compared to theoretical predications (curves) based on the on-site characterized transfer matrix. The error bars are not plotted as they are
smaller than the marker size. (C) Reconstructed states (dots) plotted on the Poincare sphere and compared to the prepared states (curve).
case, thus the theoretically predicted density matrix is
ρ =
1
2
 0 0 0 00 1 0.58 00 0.58 1 0
0 0 0 0
 . (S18)
We calculate the concurrence [36] of our prepared state,
which is a measure between 0 and 1 of the degree of entangle-
ment, as
Cc = max{0, λ1 − λ2 − λ3 − λ4} = 0.58, (S19)
where λis are the square roots of eigenvalues (in decreasing
order) of ρρ˜ with ρ˜ = (σy ⊗ σy)ρ∗(σy ⊗ σy). We also calcu-
late the purity of state,
P = Tr(ρ2)[Tr(ρ)]−2 = 66.82%. (S20)
For such a four-dimensional state, P can take the values rang-
ing from 0.25 for fully mixed (incoherent) state to 1 for a pure
(coherent) state. Thus the 66.82% purity means that the state
we use is a partially coherent state, which is also consistent
with the intermediate degree of entanglement according to
Eq. (S19). Such a mixed state instead of an ideally pure one
(i.e. η does not approach unity at the HOM dip) is likely to
be caused by the different spectra of the H and V photons and
hence an imperfect spectral overlap even when the time delay
between the H and V photons is matched. The joint spectra of
the photon pairs are determined by the phase-matching con-
dition of the SPDC waveguide and are affected by fabrication
errors of the waveguide, in particular in the periodic poling.
For reference, if the delay between the photons is not
matched temporally (i.e. out of the dip in HOM), then a pair
of photons cannot interfere but they are still cross-polarized
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(H and V). The reduced density matrix in this case is
ρ′ =
1
2
 0 0 0 00 1 0 00 0 1 0
0 0 0 0
 . (S21)
Part 10. EXPERIMENTAL SCHEME FOR ON-SITE
CLASSICAL MEASUREMENTS
As discussed in Part 7 above, we initially performed a clas-
sical characterization of the metasurface in an imaging-based
setup, and its transfer matrix has been obtained across a broad
band. Our quantum measurements are based on a different
setup due to the implementation of photon pair source and
fiber-coupled single-photon detection interface. The actual
transfer matrix does not only depend on the metasurface, but
is also slightly influenced by the spatial mode of light and
coupling conditions into the fiber interface that connects to
the detectors. Therefore we also perform an on-site classi-
cal measurement to characterize the actual transfer matrix that
is exactly the same for quantum measurements and to verify
that the system works properly. The setup for such an on-site
measurement is shown in Fig. S7(A). A CW laser at 1570.6
nm wavelength is firstly linearly polarized by a Glan-Taylor
prism (polarizer) and then launched into the waveguide which
we use for photon pair generation. Starting from the SPDC
waveguide, the laser beam goes through practically the same
optical elements as the V-polarized photons in the pair of the
quantum light, to ensure a similar spatial mode. Then we
transform the V polarized component of the laser beam with
a quarter-wave-plate (QWP) to prepare many different states
and slightly reduce the waist of the laser beam by a lens. The
spot of the laser beam illuminated on the metasurface has a
diameter of approximately 1 mm, which is smaller than the
size of the metasurface (2 mm× 2 mm). We then use an IR
detector to read out the power from each fiber port. By doing
so, the transfer matrix is fully characterized. Then, we pre-
pare another set of polarization states by the same QWP, and
reconstruct the input polarization states using the transfer ma-
trix. The experimental results of powers measured from each
port are shown in Fig. S7 (B) with the dots for experimental
data and the curves for theoretical predictions by the charac-
terized transfer matrix. In Fig. S7 (C) we show the recon-
structed states on a Poincare´ sphere. The fidelity is very high,
reaching an average value of 99.83%. Such a fidelity is higher
than for single-photon measurements reported in Fig. 2, since
classical measurements are not limited by the shot noise.
The characterized transfer matrix of the metasurface is
T = ξ

1.000 −0.3227− 0.7070i
1.2022 + 0.2874i 0.6484
0.1781 + 0.1282i 0.7935
−0.2692− 0.8502i 0.2683
−0.6830 + 0.0063i 0.8625
0.1971− 0.5392i 1.1189
 ,
(S22)
where ξ is a scaling factor and each row is essentially a pro-
jective basis of one of the 6 spots from the metasurface for
classical or single-photon measurements. The two columns
denote H and V polarizations, respectively. Note that each
row can be gauge transformed up to a phase factor. The N -
photon transfer matrix is basically the Kronecker product of
T as T⊗N = T⊗ · · · ⊗T.
Part 11. EXPERIMENTAL SCHEME FOR HERALDED
SINGLE-PHOTON EXPERIMENT
For the single-photon experiment, we use the cross-
polarized photon pairs generated with the waveguide as de-
scribed above in Part 9 to implement a heralded single-photon
source. The schematic of the setup is shown in Fig. S8 (A).
Different from the setup shown in Fig. S6(A), after the pump-
filtered H and V photons are separated by a polarizing beam
splitter (PBS), the H photons are sent to a single-photon de-
tector (APD 1) as the master arm in the photon heralding. The
V photons go through a QWP and then are sent to the meta-
surface, and photons at the six diffracted spots are collected
by the fiber couplers. Each fiber can be connected to another
single-photon detector (APD 2), which acts as the slave detec-
tor. To efficiently collect the photons in the quantum measure-
ments, we use cylindrical lenses in between the metasurface
and the fiber couplers to focus the vertically diffracted pho-
tons (not shown in the figure). Since the SPDC process in our
experiment has very low probably to generate photon states
with higher than 2 photons, if both APD 1 and APD 2 click we
can be sure that this event on APD 2 is a single-photon event,
which is the so-called heralded single-photon. In Fig. S8 (B),
we show a representative readout of such correlation counts
between APD 1 and APD 2, where APD 2 is switched be-
tween different output ports (1–6). With such counts, we are
able to reconstruct both the real and imaginary parts of the
single-photon density matrix ρ, as shown in Fig. S8(C). The
reconstructed state is consistent with the theoretical predic-
tions.
Part 12. EXPERIMENTAL SCHEME FOR TWO-PHOTON
EXPERIMENT
A more detailed setup of two-photon experiment is pre-
sented in Fig. S9. The setup is analogous to the one described
above in Part 9 for the SPDC generation and characteriza-
tion of photon pairs via HOM interference. After the photon
pairs go through a delay-line that can vary the time delay be-
tween the two photons, they are transformed by a QWP and
then directly launched onto the metasurface. The 6 diffracted
beams from the metasurface are collected by fiber couplers
into multi-mode fibers. In the measurement, we switch the
fiber connectors with two single-photon detectors and map out
all combinations of two out of the six output ports (15 mea-
surements).
Here we present the procedure for the prediction of the
quantum interference behavior of our two photon state for
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Figure S8. (A) Setup for heralded single-photon measurements, where APD stands for avalanche photodiode that is used as our single-photon
detector. The two APDs are connected to time-to-digital conversion electronics to record the correlation of events from the two detectors (not
shown in the figure). (B) A representative readout from the single-photon measurement, where the error bars are based on the shot noise in
photon detection. (C) the reconstructed single-photon density matrix ρ using the measurement data in (B).
different combinations of two ports. Representatively, if we
measure photon interference between port 1 and port 6, the
2× 2 transfer matrix is
T16 = ξ [u1,u6]
†
= ξ
[
1.000 −0.3227− 0.7070i
0.1971− 0.5392i 1.1189
]
,
(S23)
where ξ is a scaling factor. For the following analysis we take
ξ = 1 and hence the theoretically predicated measurement
expectation values are in arbitrary units. For our two-photon
density matrix given in Eq. (S18), we can calculate the ex-
pectation value of two-fold coincidence in the measurement
by
C16 = 2 [u1 ⊗ u6]† ρ [u1 ⊗ u6] = 0.8737, (S24)
which corresponds to the correlation counts when the time de-
lay of H and V photons is matched. For the case that the two
photons are fully mismatched in time, following the density
matrix given in Eq. (S21), we have
C ′16 = 2 [u1 ⊗ u6]† ρ′ [u1 ⊗ u6] = 1.4511. (S25)
Since C16 < C ′16, theoretically we predict that in the quan-
tum interference using ports 1 and 6, one obtains a dip with
a relative depth of (C ′16 − C16)/C ′16 = 39.79%. Such a dip
is plotted with a solid curve in Fig. 3(B) of the main text as a
theoretical prediction.
Similarly, we can run the calculations for ports 1 and 5, with
their transfer matrix being
T16 = ξ [u1,u5]
†
= ξ
[
1.000 −0.3227− 0.7070i
−0.6830 + 0.0063i 0.8625
]
.
(S26)
Hence the expectation of two-fold correlation when the time
delay of H and V photons is matched can be given by
C15 = 2 [u1 ⊗ u5]† ρ [u1 ⊗ u5] = 1.2505, (S27)
For temporally mismatched photons,
C ′15 = 2 [u1 ⊗ u5]† ρ′ [u1 ⊗ u5] = 1.0256. (S28)
Since C15 > C ′15, theoretically we predict that in the quantum
interference using ports 1 and 5, one obtains a peak with a
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Figure S9. Schematic setup for heralded single-photon measurements. We use a motorized linear stage with a 25 mm range for varying the
time delay between H and V photons.
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Figure S10. Representative correlation histograms (dots) of two-photon experimental measurements corresponding to Fig. 3(F) for the port
combinations (A) 1-3 (B) 1-4 and (C) 2-6. The red curve denotes a Gaussian fitting with an offset in counts for the removal of background.
relative hight of |C ′15 − C15|/C ′15 = 21.93%. In Fig. 3(C)
of the main text, we plot such a peak with a solid curve as
our theoretical prediction and confirm the consistency with
the experimental measurements.
For the quantum correlation measurements, including both
the heralded single photon and two-photon measurements, we
obtain the histograms, and the correlation counts are extracted
by processing these histograms. Note that there is essentially a
background subtraction as we use a Gaussian fitting to the cor-
relation histogram. The background is no more than 10% even
for very low counts with respect to the signal, mainly origi-
nating from dark counts and accidental counts. In Fig. S10
we show three representative histograms from the two-photon
measurements shown in Fig. 3(F).
Additionally, for a more intuitive understanding of the two-
photon state measurement, in Fig. S11 we plot the correlations
which would be produced by different pure and mixed states,
calculated based on the experimentally measured transfer ma-
trix of the metasurface. Since the transfer matrix corresponds
to projections onto elliptical polarization bases, one can see
that even pure states defined in linear polarization bases would
not have vanishing counts at any ports.
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Figure S11. Theoretically predicted two-fold correlation counts based on experimentally characterized transfer matrix of the metasurface,
shown for representative two-photon polarization states: (A) bunched state, (B) bunched state with pi phase difference, (C) anti-bunched state,
(D) incoherent anti-bunched state. The real-parts of the input density matrices are shown on the top right in the respective sub-figures.
